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Supersymmetric Higgs bosons and beyond
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We consider supersymmetric models that include particles beyond the minimal supersymmetric
standard model (MSSM) with masses in the TeV range, and that couple significantly to the MSSM
Higgs sector. We perform a model-independent analysis of the spectrum and couplings of the MSSM
Higgs fields, based on an effective theory of the MSSM degrees of freedom. The tree-level mass of the
lightest CP-even state can easily be above the LEP bound of 114 GeV, thus allowing for a relatively light
spectrum of superpartners, restricted only by direct searches. The Higgs spectrum and couplings can be
significantly modified compared to the MSSM ones, often allowing for interesting new decay modes. We
also observe that the gluon fusion production cross section of the SM-like Higgs can be enhanced with

respect to both the standard model and the MSSM.
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L. INTRODUCTION

Supersymmetry (SUSY) offers an elegant solution to the
hierarchy problem, can explain electroweak symmetry
breaking (EWSB) dynamically through renormalization
group (RG) running and, if established experimentally,
could open a window into the physics associated with
length scales much shorter than can be probed directly.

The most studied SUSY extension is the minimal super-
symmetric standard model (MSSM). In the Higgs sector,
the model incorporates two Higgs doublets, H, and H,.
After EWSB, 5 physical scalars remain in the spectrum [1].
Assuming no CP violation, these can be classified as two
neutral CP-even scalars (h° the lightest, H” the heaviest),
one neutral CP-odd scalar (A°), and a charged Higgs pair
(H*). The phenomenology in the Higgs sector is largely
determined by the masses of these particles, by a mixing
angle « that governs the relation between gauge and mass
eigenstates in the CP-even sector, and by the ratio of the
Higgs vacuum expectation values (VEV’s), tan8 = v, /v,.
In the MSSM only two of these parameters are independent
and are conventionally chosen as my and tang.
Dependence on other sectors of the theory enters through
radiative corrections, most notably in the mass of the light-
est CP-even scalar, 4°. This scalar is found to be below
about 130 GeV [2], and together with the direct bounds
imposed by LEP suggests the presence of some degree of
fine-tuning in the MSSM.

This has been one motivation to study extensions of the
MSSM that can either relax the upper bound on the lightest
Higgs mass [3,4], or alter its properties in a way that
weakens the LEP bounds [5]. Often the extensions consid-
ered aim at addressing theoretical issues such as the
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p problem, i.e. how to link the supersymmetric Higgs
mass parameter to the scale of EWSB, which in turn is
set by the scale of SUSY breaking in the observable sector.
Further theoretical constraints are also often imposed, such
as the requirement of perturbativity up to a very high scale,
the preservation of gauge coupling unification, or various
simplifying assumptions that allow one to more easily
constrain the low-energy parameters. However, when ex-
ploring the Higgs collider phenomenology, it may be
healthy to keep an open mind regarding such theoretical
assumptions.

If the constraints on the MSSM are to be relaxed, it is
necessary to introduce new degrees of freedom (that inter-
act with the MSSM Higgs sector) at or near the weak scale.
It has been observed that even if the new particles in the
Higgs sector are slightly heavier than the EW scale, the
lightest Higgs boson mass may receive important contri-
butions that can relax the LEP constraints [6] (see also [7]
for examples with TeV scale vectorlike matter). The new
degrees of freedom may or may not be directly accessible
at the LHC, but in either case their presence could poten-
tially be inferred by studying the spectrum and couplings
of the lighter states. In particular, the observation of a SM-
like Higgs with a mass significantly above 130 GeV, to-
gether with the observation of other superpartners, would
provide a clear hint that the Higgs sector is more compli-
cated than in the MSSM.

We concentrate on supersymmetric scenarios with par-
ticles beyond those in the MSSM, under the assumption
that they have order one couplings to the MSSM Higgs
sector, and that they are heavier than, but close to, the weak
scale. This allows one to perform a model-independent
analysis of the properties of the lighter states (i.e. those
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of the MSSM) by encoding the effects of the heavy physics
via higher-dimension operators. As pointed out in [6]," at
leading order (LO) in 1/M (where M is the scale of the
heavy physics) only two new parameters are introduced
(corresponding to two operators in the superpotential).
Therefore, even if the MSSM extension turned out to
include a large number of degrees of freedom, their low-
energy effects admit a rather simple parametrization.
Furthermore, it was found that the 1/M effects can give
rather important contributions to the mass of the lightest
Higgs state. That the effects of such 1/M-suppressed op-
erators can be as important as those of the renormalizable
terms can be understood by considering the structure of the
Higgs quartic couplings. In terms of the general two-Higgs
doublet model parametrization of [9] [see Eq. (8)], it is
well known that of the seven independent quartic couplings
only Ay, Ay, A3, and A4 receive contributions in the MSSM,
at tree level. The leading order higher-dimension operators
contribute to As, Ag, and A5, so that they lead to qualita-
tively new effects in the Higgs sector. This is the same
underlying reason that loop effects in the MSSM, which
turn on all possible quartic couplings, can give sizable
effects. Thus, the presence of the heavy physics allows a
Higgs spectrum consistent with the LEP bounds, even if
the SUSY-breaking terms (in the top-stop sector) are of the
order of a couple hundred GeV, thus alleviating the ten-
sions found within the MSSM.

Working still at leading order in 1/M, one finds not only
contributions to the quartic Higgs couplings, but also
higher-dimension operators in the Higgs potential. These
are essential in bounding the scalar potential from below. It
was observed in [10] that taking these operators into ac-
count leads to the existence of new vacua that can be
studied within the above effective field theory (EFT), and
that these vacua have distinct properties. For instance,
electroweak symmetry breaking is not necessarily con-
trolled by supersymmetry breaking but, unlike in the
MSSM, can occur already in the supersymmetric limit
(this possibility was considered in the early days of super-
symmetry [11], though not in light of the EFT approach;
see also Appendix B of Ref. [12], and more recently [13]).
These were dubbed ‘“sEWSB vacua’ (or supersymmetric
EWSB vacua) in [10]. Typical features of the Higgs phys-
ics in the SEWSB vacua are order one tanf3, a heavy
CP-even Higgs (H) with SM-like properties, and rela-
tively light charginos and neutralinos.

In this work, we further consider the next order in the
1/M expansion. On the one hand these lead to the “first
order corrections” to the physics in SEWSB vacua [10].

'The earlier Ref. [8] also considered in detail the effects of
higher-dimension operators on the MSSM Higgs sector in the
context of low-scale supersymmetry breaking mediation. They
also considered effects similar to those we include below,
although they restrict to a study of the renormalizable part of
the scalar potential.
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Second, even in MSSM-like vacua their effects can be
phenomenologically relevant. This can again be under-
stood by referring to the quartic couplings A, 34, whose
size is set at leading order by the electroweak (EW) gauge
couplings squared, and hence are numerically small (the
source of the lightness of the SM-like Higgs within the
MSSM). The O(1/M) operators from the superpotential do
not contribute to these couplings, and therefore the
O(1/M?) effects become the leading order contributions
from the heavy physics to the corresponding quartic op-
erators in the scalar potential. Furthermore, up to numeri-
cal factors, the heavy physics gives a contribution of order
v?/M? which is comparable to the MSSM one for M ~
v/g, with g an EW gauge coupling and v a Lagrangian
parameter of the order of the EW scale.? At second order in
the 1/M expansion several new operators appear. Within a
given UV completion, the coefficients of these operators
may or may not be related to the coefficients of the leading
order operators (depending on the complexity of the
MSSM extension). Here we do not impose any correla-
tions, but vary the coefficients of the higher-dimension
operators (in the superpotential and Kédhler potential) in-
dependently. Our purpose is to survey the possible signa-
tures in the Higgs sector, which could suggest the presence
of an extended sector that might be more difficult to ob-
serve directly (for instance if it consists of SM singlets).

Having developed the relevant formalism, in this paper
we start a study of the Higgs collider phenomenology. We
contrast the observed features against both the SM and
MSSM. For instance, we observe a general enhancement of
the gluon fusion production cross section of the SM-like
Higgs, which is interesting at hadron colliders. Also note-
worthy is the fact that the Higgs spectrum can be altered
sufficiently to allow for new decay modes with rather
significant branching fractions. Here we comment only
on some of the possible signals and defer a more complete
study of the Higgs collider phenomenology to [14].

Higher-dimension operators in the SUSY context were
considered in [8,15], and a more complete classification
was presented in [16], where field redefinitions were used
to reduce the number of independent operators. The issue
of the stability of the Higgs potential for MSSM-like
minima (as opposed to SEWSB minima [10]) was consid-
ered in [17], while the implications for fine-tuning in such
scenarios were considered in [18,19]. Higher-dimension
operators can also have interesting consequences for the
dark matter relic density [20,21] as well as for cosmology
[22] and EW baryogenesis [23-27].

*Note that sizable effects at order 1/M? do not necessarily
signal a breakdown of the 1/M expansion. In contrast, large
effects at order 1/M? in general signal such a breakdown. We
take care to study parameter points where the next order effects
are expected to be small by a simple criterion described in
Sec. IVB.
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This paper is organized as follows. In Sec. II, we define
the effective theory to be studied and work out the general
expressions for the masses and couplings of the light Higgs
degrees of freedom to order 1/M?. In Sec. Il we give
simple analytic formulas in certain limits that allow one to
understand the qualitative features of the effective theory.
In Sec. IV we present the strategy to be used in the
numerical study, to be undertaken in Sec. V. There we
comment on a selected number of features. A more com-
plete study of the collider phenomenology will be pre-
sented in [14]. We conclude in Sec. VI. In Appendix A,
we consider several possible UV completions that illustrate
how the higher-dimension operators in the EFT can arise.
In Appendixes B, C, and D we comment on custodial
symmetry violation, give the chargino/neutralino mass
matrices, and collect several Higgs trilinear couplings,
respectively.

II. EXTENDED SUPERSYMMETRIC HIGGS
SECTORS

We start by setting up the framework. Our point of
departure is a generic supersymmetric theory with an ex-
tended Higgs sector, but where the degrees of freedom
beyond those in the MSSM have masses of order M,
assumed to be slightly larger than the EW scale. In this
case, a model-independent effective field theory analysis is
useful. We further assume that all supersymmetry breaking
parameters are of the order of a couple hundred GeV, so
that the heavy spectrum is approximately supersymmetric,
with masses of order M. In this case, it is useful to write the
effective theory in supersymmetric notation, keeping track
of supersymmetry breaking effects via a spurion superfield
that gets a VEV in its F component (we do not consider
D-term breaking here). In this section, we define the ef-
fective theory to be studied—which describes explicitly
only the MSSM Higgs degrees of freedom—and work out
the Higgs spectrum and their couplings.

A. Generalized SUSY Two-Higgs doublet model

The effects of heavy particles on the physical properties
of the MSSM Higgs fields can be described by a tower of
higher-dimension operators suppressed by powers of M.
Our ultimate goal is to study the associated collider phe-
nomenology, and we start by working out the spectrum and
couplings of the light states (light compared to M). For the
reasons spelled out in the Introduction, we work up to next-
to-leading order in the 1/M expansion. Next-to-next-to-
leading order contributions are expected to be small, pro-
vided the 1/M expansion converges, a point we address in
Sec. IV B.

At leading order in 1/M, the superpotential reads

w
W= pH,Hy+ 5 (HH), (1)
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where H,H, = H'HY — H,' H; and  is a dimensionless
parameter that we assume to be of order 1. Soft supersym-
metry breaking can be parametrized via a spurion super-
field X = m,6°, where m; sets the scale of SUSY breaking
(note that we choose X to be dimensionless). Each operator
in the superpotential (or Kéhler potential) leads to an
associated SUSY-breaking operator through multiplication
by the spurion, X. We will assume here that the coefficients
of the SUSY-breaking operators are proportional to those
of the corresponding supersymmetric terms. Besides the
Bpu term, at leading order in 1/M one has

= o 2L X(H,H,)? 2)

Wspurion M

for a dimensionless parameter «;, also taken to be of
order 1. This term leads directly to a quartic interaction
among the Higgs scalar fields.

At order 1/M? there are no operators in the superpoten-
tial, but several operators enter through the Kihler poten-
tial:

K=H!H, + Hle*H, + AK? + AKS,  (3)

where
=_S gyt 2 (gt
AK? = TP (Hye* Hy)* + ST (Hie*H,)?
+ 3 (Hie?VH,)(He?V H,) 4
W 4 W\ € d) “4)
AKS = A |H H > + | S HI eV H
TR ATV

+ UCW—7|2HJ eszu](Hqu) + H.c. (5)

We separated the higher-dimension contributions in the
Kihler potential into those that violate the custodial sym-
metry, K¥, and those that respect it, K¢ [see Egs. (32) and
(33), as well as Appendix B].

The above dimension-6 operators lead to associated
SUSY-breaking operators as follows:

spurion

C *
K ion = ﬁ[(%X +yixt) + B Xt X](H) e?VH,)?
C *
+ ﬁ[(n?( + y5X1) + BoXtXI(HIe*VH,)?
C *
+ ﬁ[mx + vix1) + B Xt X1(HI eV H,)

X (HYe2VH,), (6)
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KS rion = s

spurion

+ [Wilz (’)’6X + 66X1- + B(,XTX)HIBZVHd

| |2 (y2X + 8:;XT + B XTX)H!2VH ]

X (H,H;) + H.c. (7)

Here we used the fact that operators like XH:,r e?VH, or

XH]| e?VH, can be set to zero by a superfield redefinition
[16]. We did not write explicitly the usual soft breaking

masses m2, and m%,d, which correspond to operators of the
u

form XTXH[e*H, and XTXH!¢?VH,, although such
terms are understood. We assumed that each type of soft
breaking operator vanishes in the absence of the corre-
sponding SUSY-preserving one, i.e. we define the parame-
ters B;, v;, and 6; by factoring out the associated c;. This
will be the case if the corresponding statement holds in the
UV theory that induces the higher-dimension operators we
are considering and is a property of several realistic SUSY-
breaking mediation mechanisms (in simple extensions one
obtains a strict proportionality, as illustrated in the ex-
amples described in Appendix A). Notice also that opera-
tors like XT(H,H,)? or X'X(H,H,)? in the Kihler
potential are equivalent to the superpotential operators of
Egs. (1) and (2), and since we are taking @ and «; as free
parameters, there is no loss of generality in omitting them

from Eq. (7). |

2
M@=ﬂ@+q)2
2

A)\(é) = —2(c3 + c4) e

A)\(6) = _(Cl + Cy + 2C4)

2
A)\gﬁ) = _(Cl + CH + 2C3)M— + 2(6'666 + 0767)’7;;—5 -

A)\(é) =2(ceYe t+ 0777)

2
M@z—%+%ﬁz
2
2

AN = ~(es + 2¢q) 105 +

+ 4c666 M
m
+ 4C757W -

2
+ 2(6'666 + C767)

+ Qcyy) + 33+ 0474)

mg
(2¢272 + 373 + cava) —5 Ve
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It is straightforward to work out the scalar potential that
follows from Egs. (1)-(3), (6), and (7) which, at the re-
normalizable level, takes the form

Vien = m2HIH, + m2HH, — [bH,H, + H.c.]
+ N (HYH)? + I HEH)? + A (HEH)(H HY)
+ Ny (H, H ) (HEHY) + 35 (H, H,)?
+[A(HYHy) + 1 (HIH))(H Hy) + Hee),  (8)
where we added the soft masses m%,u, m%,d, and b, and
m> ,=m3 +|ul*> also include the supersymmetric
y u,d

mass term, |u|?>. The quartic operators are defined in
such a way that the A;,, i = 1, ..., 7, map exactly to those
used in [9] with their alternate convention for the hyper-
charges of the two Higgs-doublet fields. In the MSSM
limit, the quartic couplings are

1 1
A= =2 +eD A =2
4 4
, ©
PG — &
4 2 ’

with the rest vanishing. At order 1/M (henceforth referred
to as dimension 5), only As, Ag, and A5 receive contribu-

tions:
MY = —ao 5t AN = A = w4 (10)

At order 1/M? all the quartic couplings receive contrlbu—
tions:

2

—2¢1B8 A”’;sz’
2¢,8, An/i[_gz’
M —ps Mzzy
YN Mzz,
m?
C6,36 Mz’
— 137 Mzz’ (11)

where we assumed, as we will do for simplicity in the rest of the paper, that all parameters are real. At this order we should
consider also dimension-6 operators in the scalar potential that give parametrically comparable effects. The dimension-6
operators generated by integrating out the F and D terms take the form

Vnonren.

= WﬂHquP[()\sH:ng + AéHIIHu))] + (Ag|lH H > + Al()(H:erd)z + A (HIH,)?

+ /\IZ(H}Hd)(HIIHu))[Hqu + HJ:H;] + /\13(H}Hd)3 + A14(H}Hd)2(HIIHu)

+ A]5(H$Hd)(H;Hu)2 + Ag(HIH,),

where

(12)
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g g
/\8=w%—(cl+c3)?, )\é=w%—(c‘2+c3)?,
2 2 2
g (" +g")
Ag = _(C6+C7)?: /‘lozcﬁf:
( 2 + /2) ( 2 /2)
Al = ¢y e , A = (¢ + C7)4g g ,
4 4
\ :c(g2+g’2) \ :Cg_z_c(gz—g’z)
13 =1 14 35 g
2 2 » 2 ”
g (g>—¢&") (g +g")
/\15 = C37 - 0244 y )\16 - C274 . (13)

The operators with coefficients Ag and A} are essential in stabilizing the SEWSB vacua discussed in [10]. At order 1/M?,
higher-dimension operators involving two derivatives need also to be included, since after EWSB they lead to contribu-
tions to the Higgs kinetic terms. After canonical normalization, these give additional contributions to the masses and
couplings of the Higgs fields. These operators are found to be

L£> —W{cl([(Dsz)*Hd](H}Hd) + (D, H)THI(D*H)H) + oo ((D*H)THHIH,) + [(D,H,)H,]

x[(D*H,) H,]) + 3 ((D*H ) H JHIHy) + [(D*Hy) ' H (HEH,) + 2[(D H,) H(D*Hy) ' H,D)

— c4d(HIH}) 0" (H,Hy) + ((co(D*Hy) Hy + ¢,(D*H,) H,1(H,H,y) + Hee)} (14)
|
where D> = D,D* and D, = 9, + igW, +ig'YB, is HI\ _( sz cg)\(G*
the gauge covariant derivative (Y = +1/2 for H, and Y = (HJ* ) o ( —cp  Sp )(H* )’ (a7
—1/2 for H,).

Finally, although there can be O(1/M?) contributions to ~ Where sz =sin8 and ¢z = cosf8 with 15 = v,/v, and
the gauge kinetic terms, we do not consider them here (but ~ v> = vj;, + vj = (246 GeV)*. For small fluctuations,
see [8]). G** are the eaten Goldstone bosons that will be set to

zero in the following. Minimization of the potential re-

B. Higgs spectrum quires

We obtain the spectrum and couplings of the Higgs

2

21 _ YV 2 —1 4 542 -3
. . . o2 my = bty — —sulAy + 30515 + A5t57 + Agt
fields in two steps: first we neglect the noncanonical kinetic " B 2 A A2 B 3B s ]

terms that follow from Eq. (14), minimize the potential vt . <, S
(which does not require canonical normalization), and T aM 233[3)‘16 +5Ant1g + 2A4¢ >+ 315
obtain general expressions for the (at this point unphysical) _
masses and couplings in terms of + Agtg* g+ Aotg ] (18)
A= A0 1 AAD + ANO 4 Ap!oor (15) 2 5

' ' ' ' ' m3 = big — v—tﬂsé[/\7 + Astg' + 36157 + Mi1g°]
where the last term represents the 1-loop corrections (to be A 2
included in the numerical analysis of Sec. V), which will

- + +

be discussed in Sec. IV E. In this section we concentrate on T’ splAn A 5’ 3A9t5 2A8tﬁ
the tree-level contributions [i.e. the first three terms in + 5)\1013 + 3)\13@ 1 (19)

Eq. (15)]. Second, we make a field redefinition to arrive

at canonical normalization in the presence of the operators ~ where A3 = A3 + Ay, A3 = A3 + As, Ag = Ag + Ay4,
of Eq. (14), and rediagonalize to obtain the physical spec- )Ig = Ay + A5, and X9 = Ay + Ay,. The masses of the
trum. The first step defines CP eigenstates %, H°, A°, and  CP-odd and charged Higgses, A’ and H*, can then be

H*, with mass parameters m7,, m3,, m5,, and mj. as  written as
follows:

bt v? _ _
HY 1 ) 1 c s h() mio :TB_?lﬁ()W'f'Z)\SIIBI +)‘6t,32)
wl_ L o a a SB
Hg \/i Vg \/§ “Sa Cq H° v4
i ss cg\[G° Ve tﬂsﬂ[/\“ + Agtlg + /\mt (20)
+—= , 16
\5(_0/3 Sﬂ><A°> (o
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5 5 UZ 4
=m2 +—(As — A
m m ( 5 4) 4M2

The mass matrix for the CP-even states in the (hy, h,) = (c, H® — 5,h°, c h° + s5,H°) basis is

-1 —1 -2 & -2 4.4
1 Iy 2 2 As + 2/\6tﬁ + Altﬁ A7+ 3t + Mgty )
—1g' g A+ Astgh + Agtg? Ay + 205150 + Ast? M2

sﬂ(/\’ + 2/\91?3 + Agty 2). (21

M?2= ons%;(

¥ o1 5 2 31 —1 Y =24 ¥ =3 —4
><< Aotg! + Agtp® + 4Ajots +3A1315% Ay Agrg! + 240157 + Agtg + Aoty ) )

Ayt Agtg! + 240157 + Agtg? + Agpr5t Bhi6 T 4An 15" + Agrg? + Aoty

which leads to mass eigenvalues and a mixing angle «  In order to find the physical masses at order 1/M? we need
given by to include the operators in Eq. (14) that contribute to the
kinetic terms of h°, H?, A°, and H*. Canonical normal-
ATeM? = \/ (Tr:M?)> — 4det’M?],  (23)  ization is achieved by the field redefinitions

HO h()
) 2M2, on h® — (1 —1A)h° — 1B H°, A% — (1 —1E)A",
2 T ’ + +
(TrM?)? = 4det M2 H°— (1 —3D)H® = iBih°,  H™ — (1 —3F)H",
26)
M2 — M2 (
Coa = 2 (25)
'\/(TI’M ) — 4 det?M where

v? _ 1 _ _ _ _
A= WS%{Q(I + c2q) T 1157 (1 = 030) + 503[532 — (1 = 15%)c2a = 215" 500] + casp’clip

+ erl =520 + 2051 (1 + c20)] + cot5'[2(1 = ¢34) — tﬁlsza]},
_ v, 2 1 _ 2 — ol -2 -1
B, = CTVERL: (c2 = c1157)820 503[(1 157)520 = 2t5' Coal + C4Sp7CanpSarp F Cr(Coa T 2151 524)

+ CGtgl(_ZSZa + I'EICZQ)},

V2 _ 1 _ _ _ _

D, = ms%{cz(l — Cyy) + c,tﬁz(l + cy,) + 5c3[532 + (1 - tﬁz)cza + 2tﬁls2a] + c4sﬁ2si+ﬂ
ool + 26511 = )] + c6t5 200+ 3) + t,glszd]},
v’ [l 4 =2 4 4 ! 4 =2 4 4 —1.2 2

e g(cl + )1 — sp(l — 14157 + 14 )] + 163[3 +sp(l+ 2157 + 1, )]+ ey + 214 sﬁ[c(,(l +53)

o+ t;zsg)]},
v T —4 -2 4 4 -1 oy, 1 -2

F, = S §c3(3s,8 +1—615" + 15 ) + tg (ce + crtg )+ 5(cl + cz)tﬁ . 27

At this point, one needs to perform a further rotation (by an ~ We do not expand the denominator to cover cases where
angle 7y) in the CP-even sector that rediagonalizes the — m?, ~ m . The physical CP-even squared masses are

H()
corresponding mass matrix: finally glven by
h® — ¢, h® + s, H", H'— ¢, H° — s ,h°,  (28) my = mi(1 = Ay)cy + mi,(1 = Dy)sy
where, to order 1/M?, + B1(m12qo + mio)c'ys'y
o + m, 00 myy = m7,(1 — Dy)cy + mi, (1 — Ay)s;,
t —_ =
T m(1 - D, ) - ,0(1 —a” = Bi(m2, + m2)cys,, (30)
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while the physical CP-odd and charged Higgs masses are
given by m A0(1 — E;) and m 2.(1 = Fy), respectively
Whenever y < 1 we have m; = mho(l A,) and m% =

Ho(l — D,). However, there are regions where the de-
nominator in Eq. (29) is small and all orders in vy should be
kept, in spite of it formally being of order 1/M?>.

There is one additional source of corrections at order
1/M? that affect the spectrum, as well as the Higgs cou-
plings to be discussed in the next section. The two-
derivative operators in Eq. (14) give contributions to the
gauge boson masses as follows:

1 v2 _ _ _
m% = Zg%zﬂ[l + Ws‘é(cz + tﬂlc7 + tﬁ306 + tﬂ4cl):|r

(€29
m?, = m%et, (1 + aT), (32)
where
- v?
al = — W sﬁ[cz 2t;2c3 + t;‘cl] (33)

is the contribution from the higher-dimension operators to
the Peskin-Takeuchi 7" parameter. Note that, as mentioned
in Sec. I A, only the operators in Eq. (4) contribute to 7. At
loop level, there are other contributions to the 7" parameter
from the distorted Higgs spectrum (heavier SM-like Higgs
in addition to mass splittings among the nonstandard
Higgses), as well as from custodially violating mass split-
tings in the superpartner spectrum [28]. For the time being,
we note that by keeping m  fixed at the observed value,
Eq. (31) implies a shift in v at order 1/M?:
2

% ~ 2;/12 spler +1gler +17cs + 15%),  (34)
so that the VEV v in this model differs from the SM value
of 246 GeV by terms of order 1/M?. At this order, only the
terms in Eqgs. (21) and (22) that are proportional to A, A,,
A3, and A;,—which are nonvanishing in the MSSM limit
are affected by the shift in the VEV (in particular, m? is not
affected). In practice, at this order in the 1/M expansion it
is sufficient to use v = (1+ Av/v) X 246 GeV in
Egs. (16)—(30), with Av/v given in Eq. (34).
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C. Higgs couplings to fermions and gauge bosons

Here we focus on the couplings of the Higgs scalars to
gauge bosons and fermions. Recall that in the MSSM the
couplings of the neutral Higgs bosons to fermion pairs,
relative to the SM value, gm/2my, read (for up-type and
down-type quarks)

hit: ca/sﬁ,
hbb: — s,/cg,

Hit: sa/sﬁ,
Hbb: c,/cp,

Aft: 1/tg,
_ (35)
Abb: Z'B,

while the couplings to a pair of gauge bosons relative to the
SM value (gmy for V.= W and gm /cy for V. = Z) are

hVVisgw — HVVics (36)

These couplings are changed by the higher-dimension
operators in two ways: indirectly through the mixing angle
a [see Egs. (22), (24), and (25)], and directly due to the
effects associated with the operators of Eq. (14), which
include the field redefinitions of Eqs. (26). The latter
involve a rescaling and therefore cannot be parametrized
as a rotation by an effective angle. These effects corre-
spond to the mixing of the MSSM Higgs fields with heavy
degrees of freedom that are not included explicitly in the
effective theory, and appear first at order 1/M?.

Since it is convenient to give the Higgs couplings rela-
tive to the SM values, we need to take into account the shift
in the Higgs VEV, Eq. (34), which implies a shift in the
Yukawa couplings relative to the SM values: Ay,/y, =
—Av/v. Together with the Higgs field redefinition of
Egs. (26) these induce a shift in the Higgs-ff couplings
at order 1/M? compared to Egs. (35) (on top of the shifts
implicit through the mixing angle «).

Similarly, the normalization of the Higgs-gauge boson
couplings to the SM value needs to take into account
the shifts in the gauge boson masses given in Egs. (31) and
(32). In addition, the two-derivative operators in Eq. (14)
also give direct corrections to these vertices from the terms
quadratic in the gauge fields and linear in A° or H':

v 2,
gV
4 2 (5ghzzh + 88pzH)Z, 2+ +—(58hwwh

+ (ngwwHO)W; W_'u,

where

2
v _ _
08nzz = W{‘I'S%(CZCII —ci1gsq) T sple1Q2cqip + camp) T ctg?2cqrp — cap)lh
o2
08Hzz = 2{483(02% +ertgicy) + 5ple;25a1p + Sa—p) + o135 25015 = Sa-p)lb
(37)
U _ _ -
O8nww = m{zs%(cﬂ:a —citg’sy) T 2estg spcq g + sple;(2cqip + camp) F ot 2carp — cap)lh
2
v _ _ _
Sgnww = W{zs%(césa + lelg3ca) + 2031315%%% + S%[C7(2Sa+ﬁ + Sa-p) T Csf32(25a+,3 — Sa-p)It-
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These should be combined with the field redefinitions Eqs. (26). Note that the corrections to the Z and W couplings are
different only due to the custodially violating coefficients c;, ¢,, and c3.
Putting all these ingredients together, the couplings of Egs. (35) and (36) are then generalized as follows. For the light

CP-even Higgs, h°, we get

1 Av 1 1 1
htl’:g[ca+y<l _7_5141) 2B]S +§(D] _Al)sasy],
- 1 A 1 1
hbb: — —I:Sa+,y(1 - —v §A1> + = BIC E(Dl - Al)CaS,in,
C v
g (38)
Av 1 1
hZZ.: SB—a—y 1 +— v EAI - E ICB aty += (Dl Al)cﬁ—asy + cy6thZ - syagHZZr
Av 1 o 1 1 1
hWW:sB—a—y<1 + T - ECYT - §A1> - EBIC,B—CK'F}/ + E(Dl - Al)cﬁ—asy + cyﬁghWW - S,},(Sgwa,
while for the heavy CP-even Higgs, H’, we get
1 Av 1 1 1
Htre: g[sah,(l - 7 - EAI) - EBICCY_Y - E(Dl - Al)sacy]r
1 Av 1 1 1
Hbb [C(1+’y(1 _EA])‘I'EB]SQ,.},_E(D] _Al)cac‘y]’
(39)

Av 1 1 1
HZZ:CB—a—'y(l + —— §A1> - _Blsﬁ—a+7 - E(Dl - Al)cﬁ—ac'y + Cy(ngZZ + S,y(sghzz,

2

where « is determined by Egs. (24) and (25). The cou-
plings to fermion pairs of the CP-odd and charged Higgses,
AY and H*, which are independent of «, are obtained from
those in the MSSM by multiplication by (1 — Av/v —
3E)and (1 — Av/v —JF)), respectively. Here 7y is defined
by Eq. (29), A, By, Dy, F;, and E; are as defined in
Eq. (27), Av/v is given in Eq. (34), aT is given in
Eq. (33),> and 8g,yy and 8gyyy are given in Egs. (37).

The AVV and HVV couplings in Eqgs. (38) and (39) are
|

.1 1
al — _Al) - _Blsﬂ—a+’y -

1

E(Dl —Ay)cg_qcy + ) 08uww + 5,08 0wws

given relative to gmy/cy and gmyy,, respectively, where m,
and myy, include the order 1/M? corrections as in Egs. (31)
and (32). The Higgs couplings to fermion pairs are given
relative to gm,/2my,, which is the SM Yukawa coupling.

Trilinear interactions involving one gauge boson and
two Higgses are also of great phenomenological relevance
and receive corrections from the higher-dimension opera-
tors of Eq. (3):

8
L0 - 2—ZM{(772HAH06MAO - UZAHAOGMHO) - (nZhAhoaMAo - nZAhAOaﬂho)}

lgc2W

en Vzwn-ZFH 9, H —H 9,H") —

_ _ g _ _
~ (Mweup=H9 ,H™ — My=-g=yH 3,H°)} + Hec. — 5WW{nWiH:AH 3,A° = nyeap=A% ,H ™} + H..

We give the detailed form of the coefficients 1z,4, Mz4p,
Nzuas Nzam, and nzy+y-, as well as those for the inter-
actions with a single W, in Appendix D.

3Equations (38) and (39) are the tree-level expressions. There
are loop-level contributions to a7, discussed in Sec. IV D, that
have to be added. Since experimentally a7 is bound to be small,
one can neglect it in hWWW and HWW for the phenomenolog-
ically allowed points.

2 W+“{(nwihﬂih08#H_ = Dy 9,h°)

(40)

[
III. GENERIC FEATURES

In the previous section we presented the effective theory
in the Higgs sector up to O(1/M?), where M is the scale of
the heavy physics. It is useful to obtain simple analytical
expressions that hold at order 1/M, since these will deter-
mine the qualitative features induced by the heavy physics.
In this section we perform such an analysis and consider
several limiting cases that clarify the generic features of the
numerical study to be undertaken in the next section.
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We start by considering the masses of the CP-even
Higgs states, m3, and m7,, as given in Eq. (23) with
Egs. (9) and (10). Formally expanding to leading order in
1/M one has

m%lo,Ho = (mio,Ho)MSSM + (Amio‘H(»)Dlm_S +---, 4D

where the well-known MSSM contributions, (m
and (m;,)M™, and the leading order corrections due to
the heavy physics, (Am3,)P™ and (Am3 )™, are given
by

2 )MSSM
ho

1 _
(m%lo’Ho)MSSM = E(mi + m% + D),

o1 n m3 + m>
(AmiO’HO)D‘m S = 5“’1”2[2523(&)(1 +_4 7 D Z)

(= )
(42)

provided one has the inequality

D2 > w1v2[2s2ﬁ(%)(mﬁ + m%)

am
+ cgﬂ( v S)(mg, - m%):l,

D = [} + m3)? — 4c3 g m3. (43)

For the opposite inequality, the expressions for mio and
méo in Eq. (42) should be interchanged. For typical values
of the parameters we are interested in, the inequality
Eq. (43) is generally obtained for large my,, while the
opposite inequality results for small m,. Near the point
where the two sides of (43) coincide, the formal expansion
to order 1/M can be rather inaccurate due to the near
degeneracy of the two states (the mixing angle a can
receive large corrections). Nevertheless the explicit expres-
sions in Eq. (42) are useful, for instance showing how the
sign of the correction to the MSSM result depends on the
signs of w;u and w;a;.

It is interesting to consider the 75 dependence of the
correction to mio and mio. In the following we assume that
the inequality Eq. (43) holds. As discussed above, the
complementary region can be obtained by simply inter-
changing h° and H° in the relevant statements below. For
tg of order 1 (5,5 = 1, ¢;5 = 0), one has

) 1 du — '
(Am2,)Din-S ~ Ewlvz( “ Malms)’ (44)

while for large 75 (i.e. 555 = 0, [c25| = 1) one has

0 my = mgy,

—wlvz(a}‘flnf) my < my. (45)

(A mio)Dim-S ~ {

Thus, the corrections are most important in the small 74
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regime (if my = my), and this region will allow one to
more easily evade the LEP bound on m . This is a well-
appreciated feature in models extended by singlet fields,
such as the NMSSM and its relatives. We can easily
estimate how large mjo can be for 75 =~ 1, where the
MSSM contribution vanishes. Setting a; ~ —1 and u ~
my, we have

o ~ \/a)—l\/% X OGm/ M)V, (46)

For w; ~ 1 this can easily be above the LEP bound. For the
case of large 75 the dimension-6 corrections can play a
crucial role in lifting the lightest Higgs mass from the
MSSM limit, as will be illustrated in the numerical analysis
of the next section (notice that dominant dimension-6
effects do not signal a breakdown of the EFT analysis if
the dimension-5 contributions are small due to a 7z sup-
pression or an accidentally small coupling w).

It is also interesting to consider the decoupling limit.
Expanding in powers of m%/m?2, one gets

(47)

i 1 4 — sHgamy
(Amio)DIm_S ziwlvstB( M 2“1 ‘),

M

which shows that in a large region of parameter space the
leading order correction to m,, is only suppressed by about
5,3 compared to Eq. (46) [in general, this correction has to
be added in quadrature to the MSSM result, according to
Eq. (41)].

In Fig. 1 we show the maximum tree-level value of the
lightest Higgs mass m;, as a function of m,, for small tan /3,
fixed representative values of the dimensionful parameters,
and assuming that all dimensionless parameters take values
at most equal to 1 in absolute value. We show the tree-level
value of m,, up to order 1/M, which is obtained for w, =
—a; (dash-dotted curve). We also show the maximal val-
ues of m,, up to 1/M? effects (dashed curve), and the
MSSM (solid) curve for comparison. We see that the
effects of the higher-dimension operators can be quite
substantial. We emphasize that the effects of order 1/M3
or higher are expected to be much smaller, as mentioned in
the Introduction and discussed in Sec. IV B.

For the heavy CP-even state we find that (Am?,,)P™ ~
—lwv*aym;/M for tanB~1. For tanB> 1,
(Am2 )PS5 = —wv?aymg /M if  my =my, and
(Am7, )PS5 =0 if my <my. In the decoupling limit
m% > m%, we get

(SRR

i > (48)

(A2, )oims — —%w1v2[3 T cos(4,8)]<

Hence, the heavy CP-even state receives corrections at the
leading order in the 1/M expansion only due to the SUSY-
breaking operator, Eq. (2).
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FIG. 1 (color online). Lightest CP-even Higgs tree-level mass,
my,, as a function of my, for tanB = 2. The dashed blue line
corresponds to the maximum value of m, to O(1/M?) when the
dimensionless coefficients of the higher-dimension operators are
allowed to be as large as 1 (in absolute magnitude). The dash-
dotted red line corresponds to the maximum value of my to
O(1/M) under the same assumption. The solid green line
corresponds to the tree-level MSSM result.

Similarly, the charged Higgs mass takes the form

my. = my + mj — %w1v2(a;‘rs>, (49)
and, at leading order in 1/M, gets corrections only from the
SUSY-breaking operator, Eq. (2).

Lastly, we consider the corrections to the Higgs cou-
plings at leading order in 1/M. We start from the mixing
angle o which, at this order, is given by

2

2 2

my + mz)
2 _

my — my

ha = fzg(

" w1V (=2u(my — m3) + sy5(m5 + m%)a;my)

MC2B(m124 — m%)?
(50)

In the decoupling limit this simplifies to

w1v2

2
myCap

1
t2a = t2ﬁ + ZIZﬁX + M[_ZI-L + szﬁalms]x (51)

where x = m%/m?3. Taking into account that « is in the
fourth quadrant, while 8 belongs to the first one, one gets

T w v? c,
o = B - E + 52'36'25)( + —2;”124 VB[_ZILL + Szﬁalms]
=5 g + AWy + AQ /. (52)
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This implies that the couplings of the CP-even Higgs fields
to two gauge bosons [see Egs. (36)] are

hVV:1 + O3 vi/M?), HVV:AYx+AD /M. (53)

Note that the couplings of the light state to gauge bosons do
not receive corrections at order 1/M and are not expected
to deviate very much from the MSSM ones, while those of
the heavy state are expected to get larger corrections. The
couplings to fermion pairs relative to the SM are [see
Egs. (35)]

hit: 1+ 151(AVx + AP /M),

Hit: — t5'[1 — 15(AMx + A@/M)],
hbb: 1 — tg(AVx + AP /M),
Hbb: — 151 + 15" (AVx + AP /M)].

(54)

Thus, in the decoupling limit there could be important
variations of the light state couplings to the up and down
sectors with respect to the SM predictions. However, the
hit coupling remains SM like in the large tanB regime.
Similarly important variations occur in the couplings of the
heavy Higgs to the up-type and down-type fermions, ex-
cept for the Hbb coupling in the large tan8 regime, where
the variations are small.

IV. NUMERICAL ANALYSIS: PARAMETERS AND
CONSTRAINTS

In the previous sections we worked out the spectrum and
couplings of the Higgs sector in a softly broken super-
symmetric theory, under the assumption that there is a set
of particles that couple to the MSSM Higgs fields, but that
have masses parametrically larger than the weak scale. We
also assumed that the SUSY-breaking mass splittings in the
heavy supermultiplets are small, so that their masses have a
nearly supersymmetric origin. In this section we define the
regions or parameter space and discuss several constraints
that will be used in the numerical exploration of the effects
of the heavy physics on the MSSM Higgs sector, per-
formed in Sec. V, and further expanded in [14].

A. Parameter space

We start by defining our region of parameter space. We
assume that all SUSY-breaking mass parameters (as well as
) are of the order of the EW scale (a couple hundred
GeV). For definiteness, we take wu = m,; =200 GeV,
where m, is the F component of the spurion superfield.
We also set M = 1 TeV. In addition, we scan over the
dimensionless parameters defined in Egs. (1)—(7) as fol-
lows:

(@) lol, leil, leals lesl, legls legl, Ie7l € [0, 1]

@) layl, 1Bil, lyil, 16;1 € [1/3, 1] for i = 4,6, 7.
Recall that the coefficients wq, ¢y, ¢;, ¢3, ¢4, Cg, and c¢7 set
the size of the 1/M and 1/M? suppressed operators (both
SUSY preserving and SUSY breaking). To be definite we

015001-10



SUPERSYMMETRIC HIGGS BOSONS AND BEYOND

assume that their values are at most one in absolute mag-
nitude, but it should be clear that if they were larger the
physical effects would be correspondingly larger. Our
choice for the ranges of |as|, |B;], |v;l, and |§;| reflects
our assumption that the SUSY-breaking operators are pro-
portional to the corresponding SUSY-preserving ones, so
that these are parameters of order 1.

We consider two representative values of tan3: tan8 =
2 and tanf = 20. We also vary the CP-odd mass up to
400 GeV, which is still below M, ensuring a proper sepa-
ration between the light and heavy scales, as required by
the EFT analysis.

Note that scaling w, mg, and M by a common factor
leaves the corrections due to the higher-dimension opera-
tors, Eqs. (10) and (11), unchanged [though not those of
Egs. (12) and (14)]. In particular, the leading order
(dimension-5) operators depend on w, mg, and M only
through the ratios u/M and m,/M. Thus, these effects
could be relevant even if the scale of new physics is much
higher than we envision here, if SUSY breaking and/or u
are correspondingly larger. Even though we do not scan
over the values of w, m,, and M (but rather fix them as
specified above), our results should be qualitatively appli-
cable when all these scales are higher, keeping the ratios
fixed [the difference arises at O(1/M?) through the opera-
tors of Eqgs. (12) and (14)].

B. Uncertainty from higher orders and the EFT
expansion

As was mentioned in the Introduction (see also Fig. 1),
the contributions of order 1/M and 1/M? can be phenom-
enologically sizable: the 1/M effects turn on Higgs quartic
couplings not present in the MSSM at tree level, while the
1/M? effects can easily be comparable to the MSSM
contribution which is set by the weak gauge couplings.
However, one should make sure that the next order can be
reasonably expected to give a small contribution, since
otherwise it could signal the need to resum the 1/M effects
to all orders (in which case the details of the UV comple-
tion are essential and the EFT approach ceases to be
useful). It can also happen (and does happen in our random
numerical scans) that there are accidental cancellations
between the MSSM contributions proportional to g> and
those at order 1/M? [see Eq. (11)], or also, if w, is some-
what suppressed, between the order 1/M and 1/M? effects.
In such cases, the next order corrections can have a larger
impact than naively expected, and our 1/M? analysis
would fail to capture the quantitative properties of such
points in parameter space.

We perform a simple test to assess the robustness of a
given point in parameter space against higher-order cor-
rections that have not been computed (and that would
depend on new coefficients that are arbitrary from the
EFT point of view). Since the most important effects are
expected to enter through the Higgs quartic couplings, we

PHYSICAL REVIEW D 81, 015001 (2010)

model the next order corrections as follows*: keeping all
the Lagrangian parameters fixed (m2, m2, b, oy, ¢;, @y, v,
Bi, 06, 07, for i =1, 2, 3, 4, 6, 7), we modify the quartic
couplings by hand as

M 3
A= 4= 2maxllonl Jeik el lesh leak el e ()

i=1...,7, (55)

i.e. we allow for 1/M?>-suppressed operators with dimen-
sionless coefficients as large as those of the leading two
orders in the 1/M expansion [the factor of 2 models
numerical factors that may appear, as we have seen in
the order 1/M? expressions, Eqs. (11)]. We then solve
the minimization equations, (18) and (19), with these
new A;’s, which leads to values of v and tang that are
slightly different from their values in the absence of the
modification. The amount by which these two observables
change should give a reasonable measure of the sensitivity
of the given parameter point (truncated at order 1/M?) to
effects from the next order.’” We restrict ourselves to pa-
rameter points for which the above procedure leads to a
change of no more than 10% in v. This should be taken as
no more than an order of magnitude estimate of the un-
certainties associated with the truncation of the tower of
higher-dimension operators at order 1/M?. We impose a
looser constraint on tanf: for points with tan8 = 2, the
point is allowed if 1.5 < tanB < 2.5 after the modification
Eq. (55); for points with tan = 20, the point is allowed if
15 <tanB < 25 after the modification of the A’s. The
rationale for a looser constraint in the shift in tanf is that
these shifted values would still be representative small and
large tanf cases, respectively, and no dramatic change in
the Higgs properties is expected within the above ranges.

C. Global versus local minima

The potential given by Egs. (8) and (12), V =V, +
Vionren.» has in general several minima, which may also

“Notice that at order 1/M? there are only two new operators:
the superpotential term (H,H,)’ and the associated SUSY-
breaking operator. There are no new Kihler operators at this
order. However, there are 1/M> effects associated with the
lowest order coefficients, e.g. proportional to wc;.

>Notice that the way to interpret a VEV different from
246 GeV in the presence of the modification Eq. (55) is as
follows: one should rescale all mass parameters by an appro-
priate factor so that one recovers the ‘“‘observed” value for v.
This corresponds to normalizing to the measured Z mass and
does not change the physics since all mass ratios are kept fixed.
Since all mass scales, in particular, the physical Higgs masses,
are rescaled by the same factor, we see that the change in the
VEV due to the modification Eq. (55) corresponds directly to a
change in the spectrum. There can be additional contributions to
the spectrum from the higher-dimension operators, not associ-
ated with the shift in the VEV, but we expect that these are of the
same order as the effect from the shift in the VEV we have
described. We therefore consider the above a reasonable estimate
of the uncertainties associated with the higher-order operators.
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include CP-violating or charge breaking VEV’s. Without
loss of generality, we can parametrize all minima by
(H,)=(0,v,) and (H,)= (v, +ivs vcp), Where v,, v,
vs, and vy are real. We can choose this form for (H,,) by
performing an appropriate SU(2); rotation. It is also clear
from the fact that the scalar potential depends only on
HiH,, H;Hd, and H,H, that, having set H,” =0, it de-
pends only on |H} | = v g, so we can assume that this latter
VEV is real and non-negative. We look numerically for all
solutions of the minimizations conditions 9, V=4, V=
9,,V=20,,V= 0, which are polynomial in the variables,
in order to check that the minimum being considered is the
global one, and, in particular, preserves charge and CP. In
this work we do not consider the possibility of explicit nor
spontaneous CP violation. Also, we do not consider cases
where the minimum is metastable but long lived, although
such a case can in principle occur and could be phenom-
enologically viable.

We also recall here the possibility of having different
types of (global) minima, as emphasized in [10]. The point
is that at the level of quartic couplings, the Ag and A4
operators in Eq. (8) lead to runaway directions. These are
stabilized by dimension-6 operators in the scalar potential,
Eq. (12). As a result minima can appear that arise from
balancing renormalizable versus nonrenormalizable terms.
A simple way to characterize them is to test the scaling v «
VM in the large M limit, keeping all other Lagrangian
parameters fixed (see [10] for more details). In contrast, for
MSSM-like minima the VEV reaches a finite constant in
this limit. We will use this criterion to characterize the type
of vacua.

D. Electroweak constraints

Lastly, to assess the viability of a given parameter point,
we also estimate the contributions to the oblique parame-
ters in order to select points that are in reasonable agree-
ment with the EW precision constraints. As seen in
Eq. (33), the heavy physics can induce tree-level contribu-
tions to the Peskin-Takeuchi T parameter [29] (see also
Appendixes A and B). If one requires |T| ~ 0.2 and con-
strains ¢y, ¢,, and c3 one at a time, one sees that for tan3 >
1 and M = 1 TeV, the strongest constraint is ¢, <0.1.
Because of the 7% and 15> suppression in Eq. (33), ¢;

and c3 are less constrained for tanf > 1. For instance, if
tanf = 2 one has ¢; < 1.3 and ¢3 < 0.15 (and are virtually
unconstrained for tan = 20). Notice also that there can be
partial cancellations in Eq. (33).6 Thus, even if ¢y, ¢,, and
c3 are of order 1, provided M ~ 1 TeV, these contributions

©As shown in Appendix A, Higgs triplets give ¢;, ¢,, ¢3 > 0.
This corresponds to a positive tree-level contribution to 7' from
triplets with zero hypercharge and negative from triplets with

= *1. Reference [30] points out that for lighter triplets it is
also possible to have a cancellation in 7 arising from the inter-
play between the triplet mass and the w term.
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to T are not necessarily much larger than the experimental
limit for a reference Higgs mass of my = 117 GeV.
There are other contributions to 7" that can be compa-
rable to the tree-level one—which is suppressed by
v?/M?*—from loops of the MSSM Higgs fields (SM-like
Higgs heavier than my , and mass splittings among the
nonstandard Higgses) as well as from custodially violating
mass splittings in the (light) superpartner sector. The for-
mer give the following contributions to 7 and S [31,32]:

aTHiggs ~ o 2 {(nt‘s}[f/f HiA)2f(mHi’ mA)
+ (ni‘gf:HIh)zf(er: my)
+ (05 e )2 (=, myg) — (4 ) f (my, my)
— (Zh) f(my, my)} + Apgy(my,)
+ Apsm(my) — Apsm(my ), (56)
. 1
SHiges ~ m{(n"zf;fA)zF(mh, my) + (S )2 F(my, my)
— (¢t Inm2. + hZZ? Inm},
+ HZZ* Inmj; — ~ — Inmy,; _}, (57)

where « is the fine structure constant, H . is the reference
SM Higgs mass used in the fit to the EW precision mea-
surements, hVV/HVV with V = Z, W are defined in
Egs.  (38), n%L ., =3(Mwensa + nweaps),  with
Nw=ua>» NMweay+ as defined in Egs. (40) (and similar
definitions for the other 5°"’s), and

1 2y? 2
3a

APSM(HI) —[H 7z f(mH! mZ)

16753, m3,

e SO, Myl = o5,

8arcy,my
2mim3

Pl ma) = Inlmm) G

(m1 + mz)(ml + m2

4m3m3) ln(ﬂ),
my

where H; = h, H. It should be noticed that the expressions
(56) and (57) are only approximate since there can be
logarithmically divergent terms in the loop computation
of the 7 and S parameters, in the effective theory with
higher-dimension operators, that scale like v?/M? (the
quadratically divergent contributions to the gauge boson
self-energies vanish by gauge invariance). However, due to
the loop suppression, these contributions are expected to be
much smaller than the tree-level one, given by Eq. (33),

(m1 - mz)g
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and are therefore negligible for points where the latter is
within the experimental limits (the logarithmic enhance-
ment is small for the scale of new physics we consider).

As remarked in [28] when the SUSY particles are light
there can be additional relevant contributions to the T
parameter. These depend on parameters that do not affect
directly the Higgs sector. As a result, we do not perform
here a detailed fit to the EW data. However, we use
Egs. (56) and (57) plus the tree-level contribution,
Eq. (33), to estimate whether a given point can be reason-
ably expected to agree with the precision constraints if
appropriate SUSY contributions were added. In Ref. [28]
it was found that such SUSY contributions are positive and
easily as large as ATSYSY ~ (.2, Taking —0.2 < T < 0.3
(95% C.L.),” we therefore allow only points with —0.4 <
T + THiges < (0.3, After this cut we find that all points in
the scan satisfy —0.05 < SHizgs < (.08, so that we do not
impose any further cuts on S.

E. Loop effects

We have implemented our tree-level expressions for the
spectrum and Higgs couplings in HDECAY V3.4 [36]. This
allows us to also take into account the QCD radiative
corrections that are known to be sizable. In addition, we
include the radiative corrections derived from the 1-loop
RG improved effective potential due to the supersymmetric
particles, as computed in [37]. Loop contributions from the
heavy physics that has been integrated out are suppressed
by both a loop factor and by powers of M; hence they are
expected to be negligible.

As we will argue in the next section (see also Fig. 1),
already at tree level the Higgs spectrum satisfies the
bounds from LEP in large regions of parameter space.
Hence, the motivation for taking rather large stop masses
is absent in the extensions that we study. Keeping with the
philosophy that the SUSY-breaking scale is small com-
pared to M, we consider a relatively light superpartner
spectrum. For concreteness we take the superpartner soft
parameters to have a common value Mgygy = 300 GeV
and A, = A, = 0.® Thus, the SUSY loop contributions to
the Higgs masses are modest, but the loop contributions to
the Higgs couplings are more important and sensitive to the
details of the SUSY spectrum [38,39]. The point to remem-
ber is that the relevant loop-level effects can be fully
computed given the MSSM superpartner spectrum, and
are only mildly dependent on the details of the UV theory
that gives rise to the EFT that we study.

"We use the code of Ref. [33] with m, = 173.1 * 1.3 GeV/c?
[34], My = 80.432 +0.039 GeV/c? [35], and my =
117 GeV.

8We denote the soft breaking masses by Mgysy. We evaluate
the scale inside the logarithms associated with SUSY loops at

My + m? = 347 GeV.
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V. NUMERICAL ANALYSIS: RESULTS

In this section we present the results for the Higgs
spectrum and couplings that arise from a scan over the
parameter region defined in Sec. IVA. We make sure that
we concentrate on parameter points that are expected to be
relatively insensitive to higher orders in the 1/M expan-
sion, that they correspond to global minima, and that they
can be in agreement with the EW precision constraints,
given the uncertainties from the SUSY spectrum, as dis-
cussed in Secs. IV B, IVC, and IV D. Since our choice of
points depends on the “‘robustness’ criterion described in
Sec. IV B, we start in Sec. VA by commenting on the
consequences of this prescription. We present these results
in the tree-level approximation, so as to emphasize the
effects of the higher-dimension operators.

Next we present the results for some selected observ-
ables, such as the gluon fusion production cross section
relevant at hadron colliders, and comment on certain “‘ex-
otic” branching fractions. For these we include the super-
symmetric radiative effects to the Higgs masses and
couplings, as described in Sec. IVE. We will present a
more complete study of the Higgs phenomenology in [14],
where we will also include the detailed bounds from LEP
and the Tevatron on the Higgs spectrum.

A. Sensitivity against higher-order corrections

We described in Sec. IVB a simple prescription to
estimate the sensitivity of a given point in parameter space
against O(1/M?) effects. In this section we illustrate the
dependence on the allowed variation in v by requiring that
the VEV change by less than 5%, 10%, and 20% if the next
order corrections take a “‘typical” size, as estimated in
Sec. IVB. As an example, we show in Fig. 2 m; as a
function of my for tan8 = 2 (left panel) and tanB = 20
(right panel). We have scanned over a total of 107 points,
but show only those points that correspond to a global
minimum and that can be in reasonable agreement with
the EW precision constraints, as explained in Sec. IV D.
For tan8 = 2 (tanB = 20), we find that about 70% (80%)
of the points in the scan correspond to global minima of the
potential V = V., + V, ouen.» defined by Egs. (8) and (12),
while the rest are only local minima that we discard. The
EW precision constraints further reduce the number of
potentially viable points in the scan by 70% (80%). In
Fig. 2 we exhibit how the number of points is further
reduced by requiring dv/v < 0.2 (green + blue + red re-
gions), 6v/v <0.1 (green + blue), and dSv/v <0.05
(green region), following the prescription of Sec. IV B (in
the figures we apply the requirements on 6 tanf described
in that section). Recall that this gives a measure of the
sensitivity of a given point against higher orders in the 1/M
expansion. The points shown in gray are the additional
points that would change by dv/v > 0.2 under the modi-
fication of Eq. (55), and without any restriction on & tanf3
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Tllustration of the sensitivity of m,, against higher-order effects in the 1/M expansion, as a function of m,, for

tanB = 2 (left panel) and for tan8 = 20 (right panel). The regions in (green, green + blue, green + blue + red) correspond to the
requirement (Sv/v < 0.05, Sv/v < 0.1, Sv/v <0.2), according to the prescription described in Sec. IV B. The gray points are the
additional points in the scan that do not obey any of these three requirements. The dashed blue line corresponds to the maximum tree-
level value of m;, when the dimensionless coefficients of the higher-dimension operators are allowed to be as large as 1 (in absolute
magnitude). The region of parameter space in the scan is described in the main text.

(i.e. in Fig. 2 we show all the points in the scan that are
global minima and obey the EW precision constraints).

We observe that the points with smaller m,; are more
easily affected by order 1/M? corrections (for instance,
they can lead to no EWSB after such a perturbation). This
is not to say that there can be no models with small m,,, but
only that points where m;, is heavier are relatively insensi-
tive to those higher-order corrections. The reason is that
larger m,, indicates that both the 1/M and 1/M? effects are
contributing fully, without major accidental cancellations
(see Sec. IV B). The next order is then suppressed by order
v/M, as expected (again, note that all our dimensionless
couplings are at most 1). Note also that for tan8 = 20, the
points with small m, are found to be rather sensitive to the
higher-order corrections and tend to be discarded using our
prescription. Again, this is not to say that viable models
with large tanB and small m, do not exist, but only that
their properties may not be correctly captured at the order
we are working, so we choose not to concentrate on such
cases. In the following, we restrict to points that satisfy
S8v/v < 0.1, which should be interpreted as points for
which the higher-order corrections introduce an uncer-
tainty of at most the order of 10%. However, for many
points the expected uncertainty should be smaller.

In the figure we also show the maximal value of m,, for
the parameter region defined in Sec. IVA. This envelope
was obtained by optimizing the values of the dimensionless
model parameters so as to maximize m;,. The reason that
the points in the scan itself do not reach such large values
of my, is that there is a low probability that all the model

parameters simultaneously attain the optimal values that
maximize my,.

B. Higgs masses: Comparison to the MSSM

We start by presenting our results for the Higgs spectrum
and comparing it to the MSSM one. We do this at tree-level
only. Recall that the radiative corrections are ‘“‘common”
in the MSSM and in the effective theory under study,
arising mainly from QCD and the MSSM superpartner
sector. The observed differences can therefore be inter-
preted as arising directly from the heavy physics through
the higher-dimension operators. We present in Figs. 3-5
the results of the scan for m;,, my, and my+ as a function of
my, for tanB = 2 (left panels) and tanB = 20 (right pan-
els). The tree-level MSSM curve is shown for the corre-
sponding m, and tanB. We also indicate which points
correspond to SEWSB vacua (red points) and MSSM-like
vacua (blue crosses), as described at the end of Sec. IVE.
We use the criterion described in [10], which is based on
the fact that for large M with all other parameters fixed, the
VEV in sSEWSB vacua scales like v =« \/M . We see that for
small tanB a large number of points are of the SEWSB
type, while for large tan8 most points correspond to
MSSM-like vacua.

As expected from our discussion in Sec. III, the correc-
tions to my, are more important at low tan3. However, the
scan shows that they can also be relevant at large tan. As
already remarked in Sec. VA there are significantly fewer
points with small m,, which is a consequence of the
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FIG. 3 (color online). Lightest CP-even Higgs tree-level mass, m,, as a function of my, for tan8 = 2 (left panel) and for tan8 = 20
(right panel). The dashed blue line corresponds to the maximum value of m; when the dimensionless coefficients of the higher-
dimension operators are allowed to be as large as 1 (in absolute magnitude). The region of parameter space in the scan is described in
the main text. The solid green line corresponds to the tree-level MSSM result. Red points correspond to SEWSB vacua, while blue

crosses correspond to MSSM-like vacua.

“robustness against higher-order corrections” criterion
described in Sec. IV B.

It is also interesting that most points in Fig. 3 present
significant deviations from the corresponding MSSM val-
ues. Our parameter region includes the case where all
higher-dimension operators vanish, and therefore includes
the MSSM limit. However, in the scan it is unlikely that
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FIG. 4 (color online).

all of them become small simultaneously, which explains
why there tends to be more points that exhibit impor-
tant deviations in m; with respect to the MSSM. In
the large tanf case, the overlap with the MSSM for
sufficiently large m;, is possible mainly because many of
the operators are 1/tanf suppressed, and hence, at large
tanB the number of relevant coefficients that contribute
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Heavy CP-even Higgs tree-level mass, mpy, as a function of my, for tan8 = 2 (left panel) and for tanB = 20

(right panel). The solid green line corresponds to the tree-level MSSM result. The region of parameter space in the scan is described in
the main text. Red points correspond to SEWSB vacua, while blue crosses correspond to MSSM-like vacua.
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to the departure of the Higgs spectrum from the MSSM
one is smaller than at low tanB. This implies that at large
tanf there is a higher probability to effectively turn off
all the effects from the higher-dimension operators and
reproduce the MSSM values for m,. Our study simply
encapsulates the picture of heavy physics of mass M ( =
1 TeV) with couplings of order 1 to the MSSM Higgs
sector. For instance, the light CP-even Higgs can become
sufficiently heavy for the W*W~ and ZZ channels to
be kinematically accessible, thus potentially allowing for
a SM search of the light supersymmetric Higgs in the
dilepton plus missing energy as well as the four-lepton
channels.

Figures 4 and 5 show the H and H™* spectra as a function
of the CP-odd Higgs mass for two values of tanf, respec-
tively. The deviations in my and mpy+ from the MSSM
values are less dramatic in the large m, region, but they can
be phenomenologically significant for lower values of my.
Notice for instance that for m, ~ 100 GeV, my can be
sufficiently large for the decay H — AA to be kinemati-
cally open. Similarly, the decay H* — W*A can be open.
We will further comment on these decay channels in the
next section.

C. Higgs couplings to gauge bosons and fermions

In Fig. 6 we present the tree-level couplings (normalized
by the SM values) of the CP-even Higgses to Z pairs and
up-type and down-type fermions, as a function of m,. The
solid curves show the corresponding MSSM tree-level
prediction, making it clear that large deviations from the
MSSM can be induced via the higher-dimension operators.

The plots in the upper row of Fig. 6 show the couplings
of the CP-even Higgses to Z pairs for tan8 = 2 (left panel)

and tanB = 20 (right panel). We will refer to the Higgs
state that has the largest coupling to the Z as “SM like”
(i.e. his SM like if |g,7,| > |gyzz|, while H is SM like if
lg 177l > |ghzz]). Recall that the couplings to WW and ZZ
are different as a result of the corrections given in Eq. (37).
The difference appears at order 1/M? and is of the order of
a few percent when these couplings are sizable (e.g. for the
SM-like Higgs). For a non-SM-like Higgs with a very
small coupling to W’s and Z’s, the relative difference
between the two can be significant. We also note that in
the present scenarios g;,, + g7, need not add up to 1,
reflecting the fact that there are additional (heavy) degrees
of freedom that have been integrated out. This effect also
arises at order 1/M? and we find that for the chosen
parameters it can be as large as 7% (this can be seen
more clearly in the large m, region of the figures).

For large my,, h becomes SM like to a very good ap-
proximation, as in the MSSM. However, we also see that in
this limit H can have less suppressed couplings to Z pairs
than in the MSSM. These are the properties anticipated in
Eq. (53). At low my, and for tanf8 = 2, we see that H
becomes SM like to a better degree of approximation
than in the MSSM, while % has more suppressed couplings
to Z pairs than in the MSSM. There are also a large number
of models with intermediate m, where both CP-even
Higgses couple significantly to gauge boson pairs. For
tanf = 20 the situation is similar in the large m, region.
However, there are very few points at low m, (see Sec. VA
for an explanation).

We also notice several features of the t7h and bbh (ttH
and bbH) couplings, which are relevant for gluon fusion
induced processes. We consider first the case of low tang.
The t7h coupling can present a small enhancement over
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level MSSM result. The region of parameter space in the scan is described in the main text.

both the SM and the MSSM of up to about 1.2 when m, >
100 GeV (for smaller m it can present an enhancement of
up to 50% with respect to the MSSM). This would imply a
factor of up to 1.4 with respect to the SM prediction for
gluon fusion production relevant for searches at the
Tevatron and the LHC. In addition, given that there is no
need for large radiative corrections to m;, from the squark
sector to avoid the bounds on the light Higgs, if a light stop
spectrum of the order of a few hundred GeV is present,
additional relevant contributions to the gluon fusion pro-
cess will be expected. These can lead to an additional

enhancement of the reach in gluon fusion induced channels
[40]. The bbh coupling is suppressed both with respect to
the SM and the MSSM when m, >200 GeV, and reaches a
value at most equal to tanf in the low m, region (as in the
MSSM). However, notice that there are a number of mod-
els with suppressed couplings to bb pairs for my <
140 GeV.

For low tanf the contribution to gluon fusion is gov-
erned by the top Yukawa coupling, and therefore there is a
net enhancement with respect to the SM for many models,
as seen in the upper left panel of Fig. 7, where we present
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result.

the gluon fusion cross section for /4 production normalized
to the SM one, as a function of mh.g In this figure we
include the radiative effects to the Higgs masses and
couplings assuming a SUSY spectrum as described in

*We compute o(gg—h)/oM(gg—h)~T(h—gg)/TM(h—
gg), which holds at leading order in a; [39,41,42]. The values of
I'(h— gg) and T™M(h — gg) are calculated at LO using a
version of HDECAY [36], modified to include the tree-level
expressions in the presence of the higher-dimension operators.

Sec. IVE. Most of the models with m; <115 GeV are
excluded by LEP, while the Tevatron excludes some of the
models with m;, in a window around 170 GeV. A detailed
analysis of all the cross sections and branching fractions to
determine the allowed models will be presented elsewhere
[14]. In Fig. 7 we indicate by red crosses the models where
h is SM like, as per the definition at the beginning of this
section, and by blue dots those models where H is SM like.

The ttH coupling at low tan3, shown in Fig. 6, is found
to be generically suppressed with respect to both the SM
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and the MSSM, except for the region m, <200 GeV
where some enhancement may be possible. The bbH
coupling is generically enhanced with respect to the SM
and even with respect to the tanf3 enhanced value in the
MSSM for large m,. However, the bottom loop contribu-
tion to the gluon fusion process is subdominant, as seen in
the lower left panel of Fig. 7, where a net suppression with
respect to the SM is observed for my > 200 GeV, gov-
erned by the suppression in the ¢7H coupling. In this figure
we also see an enhancement with respect to the SM for
my < 200 GeV, which reflects the enhancement of the 1tH
coupling for m, <200 GeV mentioned above, in addition
to the enhancement due to light stop contributions.

At large tan 3, there is no significant variation in ¢fh with
respect to the SM or the MSSM for m, > 200 GeV, but
there is a small suppression for 100 GeV <my <
200 GeV, and there can be an enhancement with respect
to the MSSM for m, < 100 GeV. The bbh coupling is
enhanced with respect to the SM and the MSSM in a large
number of models, and achieves the largest values for
my < 100 GeV, although it is smaller than the tanf value
that occurs in the MSSM. For m, > 200 GeV there are
many models where the bbh coupling is strongly sup-
pressed. As shown in the upper right panel of Fig. 7, in
many models the regions of enhanced bbh coupling lead to
a relevant enhancement of the gluon fusion cross section
with respect to the SM one.

At large tanp, the fH coupling can have an enhance-
ment with respect to the MSSM in the region 100 GeV <
my < 200 GeV, but is generically suppressed with respect
to the SM. The bhH coupling presents the familiar tan3
enhancement of the MSSM at large my,, although there
could be some suppression in the intermediate region
100 GeV < m, <200 GeV. At low m, we see a few
models with a significant enhancement of the bbH cou-
pling with respect to the SM and the MSSM.
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In the large tanB region both top and bottom loops
contribute to the gluon fusion cross section with different
weights depending on the ratio of the fermion to Higgs
masses and the specific (large) value of tanB. The lower
right panel of Fig. 7 shows that for values of my larger than
200 GeV there is always a suppression with respect to the
SM gluon fusion cross section for H, similar to the MSSM
case.

The couplings of the CP-odd and charged Higgs bosons
differ from those of the MSSM only at order 1/M?, due to
the corrections to their kinetic terms [see comments after
Eq. (39)]. These deviations are far less significant than for
the CP-even Higgs states. As an example, we show in
Fig. 8 the couplings of the CP-odd Higgs to up-type and
down-type fermion pairs, which follows closely the tanS
enhancement/suppression familiar in the MSSM [see also
Eq. (39)].

We postpone a detailed discussion of all the relevant
branching fractions and the consequences for Higgs
searches at the Tevatron and the LHC to Ref. [14]. Here
we comment on a number of selected exotic channels that
can motivate new search strategies, in particular, regarding
the heavy CP-even and charged Higgs bosons. These are
mostly related to the distortion of the Higgs spectrum with
respect to the MSSM which can lead to the opening of new
decay channels, as mentioned at the end of Sec. V B. For
example, we show in the left panel of Fig. 9 the branching
fraction for H — AA, which can be significant for my up to
about 200 GeV. It can be in fact much larger than in the
MSSM, where such values of my are already near the
decoupling limit so that such decays are highly suppressed
by phase space. Similarly, there can be important branch-
ing fractions for H — AZ, as seen in the right panel of
Fig. 9. Note that for most of these points it is H that is SM
like.

We also show in the left panel of Fig. 10 that for low
tan there is a generic suppression of the H — hh channel

- —T

20

Abb

W
———
1

p=mg =200 GeV ]

M=1TeV

Att tan =20
] e ————
0 100 200 300 400

ma [GCV]

SM SM
8Abb/8nbb ANd  gAw/8hy
©» =
T
1

Tree-level couplings of the CP-odd Higgs to fermion pairs as a function of m,, for tanf3 = 2 (left panel) and

tanf = 20 (right panel), and normalized to the SM value, gm /2my,. The blue crosses correspond to the couplings of A to 77, and the
red dots to those of A to bb. The solid green lines correspond to the tree-level MSSM result. The region of parameter space in the scan

is described in the main text.
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FIG. 9 (color online).
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Branching fractions for H — AA (left panel) and H — AZ (right panel). The dashed lines correspond to the

MSSM results. SUSY and QCD radiative corrections are included. The plots are for tang =2, M = 1 TeV, u = m; = 200 GeV,
Mgysy = 300 GeV, A, = A, = 0, and a scan over the ranges defined in Sec. IVA. We indicate by red crosses those points where # is
SM like (|gnzz| > lgnzz]) and by blue dots those points where H is SM like (1gyzz| > |gnz20)-

compared to the MSSM, except above the ¢f threshold
where some enhancement is possible (the pronounced dip
at my ~ 108 GeV in the MSSM curve is due to an acci-
dental cancellation of the Hhh coupling; in this small
window H decays mostly into b’s). The above suppression
can be very significant for 170 GeV < my <250 GeV,
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FIG. 10 (color online).

reflecting a relatively heavy 4 so that the channel is closed.
At large tanf, however, there are large regions where
BR(H — hh) is enhanced with respect to the MSSM, and
in fact H — hh can be a significant decay channel in this
case (see the right panel of Fig. 10).
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Branching fractions for H — hh for tanf8 = 2 (left panel) and tanf8 = 20 (right panel). The dashed lines

correspond to the MSSM results. SUSY and QCD radiative corrections are included. We indicate by red crosses those points where £ is
SM like (|gszz| > |lgnzz]) and by blue dots those points where H is SM like (1g 22| > |gnzz))-
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Finally, we comment on certain charged Higgs decays.
In the upper row plots of Fig. 11 we present the branching
fractions for H* — W=h(W*"h), which show a significant
suppression with respect to the MSSM at low tan (except
above the #f threshold, where some enhancement is pos-
sible), while for large tanf there is an enhancement com-
pared to the MSSM in a large number of models. In the
lower row plots of Fig. 11, we see that the branching
fraction for H* — W=A(W**A) can be sizable at low
tanB and for 100 GeV < mpy= < 180 GeV, while it re-
mains small for large tanS (although it can still be en-

hanced compared to the MSSM). Since at low tang,
BR(H* — W™A) can be close to unity, one may therefore
expect to produce a large number of CP-odd Higgs bosons
in top decays. Note also that a large fraction of the points
with such a property present the ‘“‘inverted hierarchy”
where H is SM like.

VI. CONCLUSIONS

We have considered a large class of supersymmetric
scenarios with physics beyond the MSSM that couples
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appreciably to the MSSM Higgs sector. Our main assump-
tion is that the degrees of freedom beyond the MSSM are
heavier than the weak scale, and that their SUSY mass
splittings can be treated as a perturbation. We call this
approximately supersymmetric threshold M. As a result,
a model-independent analysis can be set up, based on an
approximately supersymmetric effective theory of the
MSSM that includes higher-dimension operators sup-
pressed by powers of 1/M. These higher-dimension opera-
tors can encapsulate different types of physics beyond the
MSSM, such as singlet or triplet Higgses, heavy Z' and W/,
etc. (we illustrate the detailed connection in Appendix A).

We argued, based on the structure of the induced Higgs
quartic couplings, that both the leading and next-to-leading
order in the 1/M expansion can be phenomenologically
relevant, and computed the Higgs spectrum and couplings
up to this order. This included a careful treatment of
degenerate cases and the inclusion of kinetic term renor-
malization that contains information about the mixing of
the light and heavy degrees of freedom. The most impor-
tant effects of the new physics enter through the angle «
that characterizes the mixing in the CP-even sector, but we
have systematically included all the effects to order 1/M?.
This allows us to include in our analysis the recently
discussed SEWSB vacua [10], which depend crucially on
certain dimension-6 operators.

We were especially careful to single out points in the
effective theory that can be expected to be reliably de-
scribed by the EFT. We also made sure that these points
correspond to global minima of the effective potential (we
did not consider the possibility of long-lived metastable
minima). In addition, we took into account the EW preci-
sion constraints, making sure that the study points can be in
agreement with precision tests when possible effects from
squarks and sleptons not directly related to the Higgs sector
are included.

The large class of SUSY models presented in this study
has in part already been explored by various Higgs
searches at LEP and the Tevatron. We will present these
constraints in the accompanying paper [14]. Similarly, we
defer a more complete study of the Higgs collider phe-
nomenology to that work. Here we simply pointed out a
few interesting features that arise from our study: a generic
enhancement of the gluon fusion production cross section
of the SM-like Higgs, the presence of new channels with
significant branching fractions, such as H — AA and
H* — W=A, and the possible suppression of decay modes
such as H — hh.

We find it interesting that a study of the light Higgs
sector can indirectly reveal the presence of new physics
that either may not be within reach, or may not be easy to
produce, as was also emphasized recently in [43,44]. The
measurement of the Higgs spectrum and observation of
some of their decay modes, together with the observation
of some of the SM superpartners, can give a striking
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evidence for a more complicated structure beyond the
MSSM.
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APPENDIX A: UV COMPLETIONS

Here we consider possible UV completions to exemplify
how the operators of the effective theory can be generated.
We consider the addition of singlets, of vectorlike triplets
(Y = *1), of a triplet with a Majorana mass and Y = 0,
and an SU(2) gauge extension under which H, and H,
transform as doublets. This illustrates how the higher-
dimension operators on which the EFT analysis presented
in the main text is based can arise, and also shows that the
coefficients of these operators can be fairly uncorrelated if
the extension is sufficiently complicated. This justifies our
approach of scanning over these coefficients without tak-
ing into account the correlations that may arise in a given
UV model.

1. MSSM + singlet

The simplest model we consider shares structural fea-
tures with the NMSSM. In the NMSSM, a new singlet S is
added to the MSSM to solve the wu problem, through a
VEV for § and the superpotential interaction AgSH,H,. In
this model, the low-energy theory contains additional sca-
lar states from S, and after EWSB the singlet state mixes
with the Higgs. However, there is a different region of
parameter space, where the singlet S has a mass somewhat
larger than the electroweak scale and is integrated out of
the effective theory. Although the w problem is not ad-
dressed in this limit, the low-energy theory contains mod-
ifications in the Higgs sector that can help solve the little
SUSY hierarchy problem.

The superpotential and Kéhler potential are

W= /.LHqu + %MSSZ + )lSsHqu - X(Clll.LHqu

+ 3ayMsS* + azAgSH, Hy), (Al)
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K=Hle"H, + Hle"H, + St — XTX(b,HIH,

+ bHYH, + b3STS), (A2)

where the a; and b; are dimensionless, and an € tensor is
understood in the contraction H,H; = H,eH,;. One can
consider a cubic coupling «S3, but it does not contribute to
the effective theory up to the order 1/M? we have ana-
lyzed; hence we do not write it explicitly in Eq. (A1). The
parameters by, by, and a; map into m; , my; , and the Bu
term, respectively. Integrating out S at tree level induces
nonzero wi, &y, ¢4, B4, and vy, in Egs. (1)—(7) as follows:

M = M, w; = =A%

) = a; — 2a;, ey = |Agl%,

Y4 = ar — as, By = lay — as|> — b3, (A3)

while all other EFT coefficients vanish.

2. MSSM + SU(2), Higgs triplets

Consider an extension with two SU(2), triplets, 7 and T,
with hypercharges Y = —1 and Y = +1, respectively. The
superpotential and Kéhler potential are
W = wH,H,; + M;TT + iA+H,TH, + $A;H,TH,

— X(ayuH,Hy + a;M;TT + a3 A;H,TH,
+ %a4/\THdTHd), (A4)

K=He"H,+ Hle*H, + Tte®' T + Tte?V'T
— XXY(b,H H, + b,HIH, + bsTT + b,TTT).
(AS)
An epsilon tensor is understood in the contractions
H,TH, = H,eTH,, etc. The parameters b, b,, and a,
map into m%{d, m%{M, and the by term, respectively.
Integrating out the triplets, one can write the effective

Lagrangian in terms of the operators defined in Egs. (1)-
(7), with'”

M = My, w; =IArAg, ay =a, — ay — day,
&} ——|/\T|2 Y1 = dy — dy, Bi =|a2—a4|2—b3,
Cr = ‘|/\T|2 Y2 = a; — as, By = la, — a3|2 — by,

(A6)

and all other dimensionless coefficients vanishing.
If on the other hand one considers an extension with a
single SU(2), triplet with hypercharge ¥ =0 and a

""Here we wuse the identity [d*0 At A —1 X
[d*0(HTe?VH)?, where A = AX with A¢ = Her H,
and X“ are the SU(2) generators in the adjoint representation
while H is in the fundamental representatlon of SU (2? One also
has Jd*0AtY A = fa*oll(HIeVH,)(H} eV H,) —

1|H,eH,|*} for A* = H,er"H,.
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Majorana mass My, the superpotential and Kéhler poten-
tial are

W = pH,H, + M T> + \;H,TH,
— X(ayuH,Hy + $a;M7T? + azA;H,TH,), (A7)
K=H}eH, + Hle?H, + Tte?'T
— XxY(b H H, + b,HIH, + bsTtT),  (A8)

and after integrating out the triplet, one obtains the effec-
tive theory of Eqgs. (1)—(7), with

M:MT, [2F] :_é—l‘)l%, aq =az—2a3,
K] =%|’\T|2’ Y3 = dx T ds, B3 = lay — az|* — bs,
C4 = _%l/\le, Y4 = 4y — ds, B4 = |a2 - a3|2 - b3,

(A9)

while all other EFT coefficients vanish.

3. SU(2) Extensions

The higher-dimension operators induced by integrating
out a massive U(1)’ were worked out in Ref. [6]. Here we
consider a product gauge group SU(2); X SU(2), X U(1)y
with gauge couplings g, g,, and g', respectively. We
concentrate on the SU(2); X SU(2), factor since the
U(1)y factor enters in a trivial way. The MSSM Higgs
superfields are assumed to transform like (2, 0) under
SU(2); X SU(2),. The gauge group is broken down to
the diagonal by a 2 field transforming like (2, 2) under
SU(2); X SU(2),, which gets a nonzero VEV, (2) « o2. In
this case, the kinetic term for 3, Tr(e262V2 3te281V13),
leads to the structure Tr(e$2"2¢%¢1"1), which contains a
mass term for the linear combination V' = (g,V,+

ngz)/‘/gl + g3. The orthogonal combination V =

82V — g1V2)/4/g? + g3 remains massless and can be

identified with the SM W gauge bosons. Therefore, we
take as the starting point the Kéhler potential

K =Hie*ViH, + Hje*VH,
M2
2( 283 + g3)
where gV, = gV’ + gV, g,V, =

Tr[e282V2¢281V1], (A10)

(g3/81)8V' — gV, and
g= gng/W/g% + g3 is the SM SU(2), gauge coupling

while g = g}/4/g} + ¢} is the coupling of the massive
V’. The term of second order in V' in the last term of
Eq. (A10) identifies My as the gauge boson mass. In order
to integrate out V' to order 1/M? s it is sufficient to keep
terms up to quadratic order in V' in the ““mass term,” while
keeping up to linear order in the terms not proportional to
M%/,. We can also assume that V is in the Wess-Zumino
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gauge so that we can expand to quadratic order in V
everywhere. Note that the term proportional to M%,, con-
tains terms in addition to the pure mass term for V':

d*6 Tr[ e2l(s2/81)8V' ~8V] 28V +5V)]
2(81 2) ~/

— 7M2 [d4 {Vlavla _ g [(Vavla)Z (All)

—_ (Va Va)(v/b V/b)]}

The terms quartic in the vector multiplets are essential for
maintaining the low-energy gauge invariance.'' The equa-
tion of motion for V', to order 1 / M?,, gives

O A0 O

V’i u,d

V/?

vb vb>

1
+ 8gV“(3 +2gVer® + 2ngTb)}H, (A12)
where there is no summation over a (but there is over b),
and 7¢ are the SU(2) generators in the fundamental repre-
sentation. Replacing back in the action leads to the effec-
tive Kdhler potential

~2
{(H}e2VH
2 u
2M2,

- 4|HuEHd|2},

Koy = Hie®VH, + H}e*VH, —

+ HIe%VH,)? (A13)
where we restored the terms in V into the exponential form,
and the hypercharge vector multiplet can be put back in a
trivial way. Therefore, the massive W' induces the opera-
tors of Eqgs. (1)—(7) with coefficients

52

¢ =8, g°

c=-g, ¢y =28,

(A14)

M = My, and all other EFT coefficients vanishing.

There are also excitations of the % field (a SM singlet
and triplet) with masses proportional to (X). These may be
split by SUSY breaking and generate further contributions
to the dimension-6 operators in the effective Kdhler poten-
tial. These were considered in Ref. [4] in the opposite limit
that interests us here, namely, when SUSY breaking is
comparable to the SUSY-preserving contribution.

For completeness, we also record here the SUSY-
preserving operators induced by integrating out a massive
U(1) gauge field, i.e. integrating out V' from

;= —g%

K = Hi2¢V'H, + H} eV Hy + M2, V72, (A15)

where g’ is the U(1)’ gauge coupling and Q,, ;4 are the U(1)’
charges of H, 4, respectively (for simplicity, we have omit-

""These terms are not present in the U(1)’ case. For instance
gauging only the U(1), C SU(2), generated by 7°, i.e. setting
V) = V2 =0, the last two terms in Eq. (A11) cancel out.
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ted the SM gauge factors, which are implicitly under-
stood). Unlike in the non-Abelian case, the ¢, operator is
not induced, while

c;=—40587 o =-40i8% ¢3=-40,0.8"

(A16)

From the examples above, it should be clear that MSSM
extensions including singlet and triplet Higgses, plus
Abelian or non-Abelian gauge factors can generate all of
the operators we considered in the main text, with essen-
tially arbitrary coefficients, except for the ¢ and c; opera-
tors. We have nevertheless included the latter operators in
our phenomenological analysis, since they are allowed by
supersymmetry.

APPENDIX B: COMMENTS ON CUSTODIAL
SYMMETRY

Neglecting the Yukawa couplings, the Higgs sector in
the MSSM can be written in terms of a chiral superfield

_(HY HS
CD_(H; HY

as

KD HIe2VeBH, + Hl2&W-¢By,

e 88 0
0 Bl

1
W D uH,eH; = 3 Tre’ ®Te®,

= Tr[q)fezgwq)<

where W and B are the SU(2); and U(1)y vector super-
fields, while € is the antisymmetric 2-index tensor. This
shows that in the limit g’ — 0 (and neglecting Yukawa
couplings), the theory is invariant under SU(2); X
SU(2)g where ® — U, ®U}. The SU(2), factor is gauged
and can be complexified. The global SU(2)y implies that in
the limit v, = v, the theory has a custodial SU(2); .z
global symmetry. This symmetry has a somewhat limited
use since it is broken away from tang8 = 1.

However, at tree level (and for g’ = 0) the Higgs (scalar)
sector of the MSSM exhibits an SU(2)ld X SU (2)}%‘0ba]
symmetry such that the Higgs scalar components

1 HY Hf 1 (HY —Hj
ol ) gl )
transform as ¢, , — U, d)u,dU r- In fact, if the Higgsinos
are taken to be singlets under the SU(2) transformation,
only the Higgs-Higgsino-gaugino couplings (apart from
the superpotential Yukawa terms) violate this global sym-
metry. Thus, for arbitrary expectation values, v, and v,
contributions to the 7 parameter enter only at one loop

level.
The fact that in the MSSM the tree-level gauge boson
masses satisfy the SM relation p = 1 can be seen directly
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from the identities H, (2gW)2H, = Trd} (2gW)2®, and
HI(2gW)*H, = Trd! (2gW)2®,, which lead to the gauge
boson mass terms in the Kihler potential after replacing the
chiral superfields by their scalar components, ®, ; — ¢, 4.
This observation also implies that higher-dimension opera-
tors such as (H,e*VH,)(H,eH, + H.c.) or (H1e?VH,) X
(H,eH,; + H.c.), i.e. those in Eq. (5), lead to p = 1 at tree
level. On the other hand, the higher-dimension operators of
Eq. (4) contribute to the gauge boson mass terms through
the linear term in e2¥ = 1 + 2V + - - -, and these terms do
not respect a custodial symmetry. This was seen explicitly
in Eq. (33). As shown above, an exception is the operator
(Hie*H, + He*VH,)?, in the limit v, = v,. This op-
erator is naturally induced by massive W primes, as shown
in Appendix A 3.

APPENDIX C: CHARGINOS AND NEUTRALINOS

Although our focus is on the scalar Higgs sector, neu-
tralinos and charginos can provide important decay chan-
|
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nels, and the effects of the higher-dimension operators on
their masses play an important role. We have implemented
in HDECAY the corresponding mass formulas to order 1/M,
as computed in [10]. At order 1/M? there are additional
contributions to the mass matrix as well as to the kinetic
terms that are needed to compute the physical chargino/
neutralino masses. Given that these states tend to be near
the experimental limits, it would be interesting to compute
these next order corrections, but we postpone it to future
work. For completeness, we collect the mass matrices to
order 1/M.
The chargino mass matrix is

. M Pmyc |
Wt H 2 wEp L) (1
( )<\/§mwsﬁ (1 — PSZB))<HL1 ) (b

where p = w,v*/(4uM) takes into account the effects
from the heavy physics. The neutralino mass matrix is

Ml Y —MmzSwCpg mzSwsp ~B
1,5 =3 ~0 &~ 2 mzCwCp —mzCySg w3
—(B,W3, HY, HY, 70 | C2
2( & TWN —mzsyeg  mgeycg 2;“«/’525 — (1l = 2ps;p) HY €2
mzSwSg  —MzCySg —p( = 2/032/3) ZMPC%; H;

where cy stands for the weak-mixing angle cosfy. M, and M, are the SU(2), and U(l)y gaugino soft breaking

parameters.
APPENDIX D: HIGGS COUPLINGS

The couplings between the Z gauge boson and two Higgs fields, defined in Eq. (40), are given by

Nzna = Co-pll = (A} + E)c, — Bys, I} + (D) + Ey)sy — B, Isa—p + €, 0Mz0a — 548N z1a,
Nzan = Ca—pll — A, + Ey)c, — Bys, ]} + (D, + Eys, Bicylsa—p + ¢y 0Nz — S0 M 2am,
Nzia = Sa—p{l = (Dy + Ey)cy, + Bys, I} = (A + Ey)s, + Bic,Jcamp + € 8Mzua + 5,0 204, (D1)
Nzan = Sa—p{l =Y (Dy + E)ey, + Bys, I} — Y (A} + E))s, + Bic,Jca—p + € 8Mzam + 55,0241
Onzun- =1—Fy+ 6nzyrn-,
where vy is defined by Eq. (29), A;, By, Dy, F;, and E; are defined in Eq. (27), and
ONgpa = M22 spl3t5'sp(cacq + crtglsy) + 15 splce(2s0 — 15'ca) = e7(s0 — 215" co)Th
SNyan = %sﬂ{tglszﬁ(czca + cltglsa) + %cét[_gl('j — o)y T %C7(3 + czﬁ)ca},
SNzua = M22 spl315 sp(casq — citg'ca) — 15" splee2eq + 15's50) — e7(cq + 215" 54)1h D2)
2 _ 1 1
ONgun = Wsﬂ{tﬁlszﬁ(czs cltﬁ Cq) — —cétﬁ '3 = cap)ey + c7(3 + czﬁ)sa},
_ v 1 cjy 4 %V —1 -2
SNyprpy- = 7 5{4 ch(l + 3sﬂ - 6tB +15%) +1g |:C6 - (c1 + ety + cqtp :I}

Similarly, the couplings between the W and the two Higgs fields, defined in Eq. (40), are given by
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where

PHYSICAL REVIEW D 81, 015001 (2010)

Nwenms = Ca-pll = (A + F)ey, — Bys, I} + (D) + F))s, — BicyIsa—p + ¢, 0Ny = — S, 0w pp=
Mwen=h = Ca—pll = H(A; + F)c), — Bys, I} +3[(Dy + F)s, — Bic,Isa—p + ¢, 0Mw=p=y — 8, 0Nw=n=n,
Nw=uus = Sa—pil — %[(Dl + F))cy, + Bys, I} — %[(Al + F1)s, + Bicylca—p + cy0ny=py= + 5,6My= =, (D3)
Mwemn = Sa—pll = YDy + F)ey, + Bys, I} — (A} + F)s,, + BicyIca—p + ¢y 8nywep=n + 8, 8Mw 5=
Nwemia =1 — HE, + F)) + 80y pea, Nweams = 1 — HE, + F)) + 8ny-ape,
SNy = v—2s3 {1c3[(3 + 5.2 =9t s, — (t2'(9 — s52) — 3t;%)c, ] + §t_l(clt_ls + cyc )},
YeRAE g~ 9p )sa — (i 5 p)cal T 51g (C1lg S0 a
o2
SNweph = M 2sB{c3(s + tﬂ ca) 15 (le,g So Foocy)}
PY—— 21;2 sB{ [0 + 557 = 97)eq + (5510 — 552 — 3657)s5,1 + 315 (ert5 e — czsa)}, o
o2
SMwenTn =7 sples(ca = 15754) + 15! (115" ca — 254},
v? 1
ONwepea = Ws‘/‘;{%cl + )iz — Zc3(1 — 55t — 6157 + t;‘)},
SNy = 81\;2 spldig(cr + ¢g) + c3(1 + 3s5* — 6157 + 157},
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